Observed damages in reinforced concrete wall buildings following some recent earthquakes raised concerns about the seismic performance of rectangular RC walls. Damages in RC walls included spalling and crushing of concrete and longitudinal reinforcement buckling at boundaries as well as global buckling. Preliminary studies attributed these damages to the lack of adequate confinement and detailing in wall boundary regions and high axial load level. Prism specimens representing wall boundaries were tested to study the influence of reinforcement detailing, cross-section slenderness, and loading type on the damages, failure modes, and compressive capacity of isolated confined boundary regions of RC rectangular walls. It was found that the tensile strain prior to compressive strain affected the performance of thin wall boundaries and may lead to different failure modes when subjected to cyclic loading. It was also found that dense transverse reinforcement detailing in thin confined boundaries did not improve their compressive capacity. Design and detailing rules to prevent global buckling and reinforcement bar buckling were also evaluated. A Numerical model that takes into account buckling of reinforcement was proposed to simulate response curves of cyclically tested specimens. The model showed the influence of reinforcement buckling behavior on reducing the compressive capacity for elements with buckling of reinforcement failure.
Introduction
Reinforced concrete structural walls are commonly used as lateral-load resisting components in medium and high-rise buildings located in earthquake-prone regions. When properly designed and detailed, RC walls are considered to perform well under earthquake loading due to their lateral stiffness and strength. By providing adequate strength and ductility, these walls also behave in a ductile flexural manner. To achieve this goal, lateral instability, fracture or buckling of longitudinal reinforcement should be prevented (Paulay 1986 ). Observations following the 1985 Chile earthquake (Wood et al. 1987) had shown that most RC buildings with wall systems exhibited satisfactory performances. Although detailing requirements for the Chilean wall system as of 1985 were less strict compared to those of the US or Japan. Moreover, RC buildings with a large number of rectangular walls, but without special detailing for the transverse reinforcement, have been reported to perform well during major earthquakes (Wallace and Moehle 1992) . A common practice in the design of structural walls in Japan and some other countries is the use of barbell shape cross sections with confined boundary columns that can carry a large amount of axial load. However, modern architecture and design practices promoted the use of slender rectangular walls with the confidence that these planar walls with uniform wall thickness can be designed with adequate ductility.
Following the 2010 Chile earthquake and the 2011 New Zealand earthquake, observed damages in RC wall buildings raised concerns about the seismic performance of rectangular RC walls. In these earthquakes, severe damages happened to RC walls in numerous walled buildings leading to partial or total collapse (Kato et al. 2010; Moehle et al. 2010) . RC Wall damage included spalling and crushing of concrete at boundaries that often spread over the entire wall width, buckled of longitudinal reinforcement under compression and fracture under tension at boundaries (Westenenk et al. 2012; Wallace et al. 2012) . Global wall buckling was also observed in some damaged buildings. Figure 1 shows typical wall damages following the 2010 Chile earthquake. The damaged wall regions were typically localized over a very limited height of the wall thickness. It was reported that lack of adequate confinement and detailing in boundary regions was one of the main causes of those damages. These observations raised questions about the mechanisms that lead to reinforcing bars buckling, concrete crushing, and global wall buckling, as well as the quantity and configuration of transverse reinforcement at wall boundaries required to ensure good performance by maintaining a stable compressive region and ensuring large deformation capacity without drastic decrease in load carrying capacity. Preliminary studies (Wallace 2012; Talleen et al. 2012) indicate that greater amounts of transverse reinforcement may be required for thin walls and that tighter spacing of transverse reinforcement may be required to suppress buckling of vertical reinforcement. In Japan, although the use of walls with boundary columns is still the common practice, the AIJ Standard for Structural Calculations of RC Buildings (AIJ 2010) was revised in 2010 to allow the use of RC walls with rectangular cross-sections.
Literature review has shown that limited studies have been conducted on confined boundary regions, mainly with focus on lateral instability due to out-of-plane buckling. Some researchers revealed that the potential of out-of-plane buckling does not depend only on the compressive strains in wall boundaries, but also on the magnitude of the inelastic tensile strains imposed on wall boundary prior to compressive strain when subjected to reversal cyclic loading (Paulay and Goodsir 1985) . Chai and Elayer (1999) conducted an experimental study to examine the out-of-plane stability of RC columns, representing the confined boundary regions of a ductile rectangular RC wall, under large amplitude reversed cyclic tension and compression loading. The study confirmed the critical influence of the maximum tensile strain on the lateral stability of these members. Design recommendations for minimum required wall thickness have been formulated (Paulay and Priestley 1993; Chai and Kunnath 2005) . These studies demonstrated the response of ductile boundary elements which resulted in global buckling instead of buckling or fracture of the longitudinal bars. Issues related to buckling of longitudinal reinforcing bars are usually addressed in the design codes by detailing provisions for the spacing of transverse reinforcement by using ratios of transverse reinforcement spacings (s) to longitudinal bar diameter (d b ) s/d b . Large s/d b ratios may result in limited confinement of concrete, and leave longitudinal reinforcement more vulnerable to buckling instability. Moehle et al. (2011) tested several isolated boundary elements, and comparisons were made between elements subjected to compression only and those subjected to 4% tension strain prior to compression, although latter loading type is considered as an extreme situation. This comparison showed different failure modes, and confirmed the vulnerability of wall boundaries to out-of-plane buckling and the reduction of compressive capacity due to large tensile strains prior to compression. Chryanidis and Tegos (2012) tested 5 boundary elements with similar geometry and detailing under different pre-tension strain prior to compression ranging from 0% to 5%. Test results showed that specimens subjected to large pre-tension strains (3% and 5%) showed different failure modes and a significant loss of compressive strength of more than 65%. Massone et al. (2014) conducted a test program on 24 specimens of boundary elements with different confinement configuration and slenderness under monotonic compression. Five specimens were subjected to pre-strain in tension of about 2% prior to compression. Test results revealed the effect of pre-tension to reduce compressive capacity by about 15% compared to capacity of specimens tested under monotonic compression. This study clarified the influence of reinforcement detailing, slenderness and loading type (Monotonic and Cyclic) on the compressive capacity, damage progress and failure modes of confined boundary regions of RC rectangular walls. The study also aimed to assess whether global out-of-plane buckling and buckling of vertical reinforcement could be expected at the boundaries of concrete walls, and to explore the relationship between the phenomena of concrete crushing and reinforcing bar buckling and to determine if current detailing practices are adequate to prevent bar buckling under extreme lateral loading. It is also important to predict the ultimate deformation capacity by building numerical model which takes into account these damage situations.
Experimental program
An experimental program was conducted in order to bring insight on the seismic performance of confined end regions of RC rectangular walls. The objective was to investigate the influence of longitudinal and transverse reinforcement detailing, cross-section slenderness and loading type (Monotonic and cyclic) on their compressive capacity, damage process and failure modes. The behavior of boundary regions in a ductile RC wall subjected to lateral loading was studied by isolating the boundary regions of the wall as axially loaded RC column. Although this approach lacks strain gradient effects expected across the wall section and ignore the contribution of the shear component, the idealization is useful to provide an understanding of the behavior and to identify critical parameters involved during lateral loading of RC walls, where confined boundaries are subjected to large amplitude of tension and compression cycles. It is also important to contribute to make an experimental database related to failures by buckling of reinforcement and global buckling.
Description of the test specimens
A total of sixteen (16) rectangular elements with two different sectional dimensions (B-type and C-type) hav- ing approximately similar cross-sectional area were constructed and tested. Table 1 shows the cross-sectional configurations, the layouts and amounts of reinforcement. The elements were built without cover concrete so that to avoid a sudden drop in the response curves following spalling of cover concrete, since the objective was to assess ultimate behavior and final failure modes. The cross sections dimensions (b×l) for B-type and for C-type specimens represent two levels of slenderness (h/b). The dimensions are measured from the outside of the transverse reinforcement. The shorter side length of the section corresponds to boundary wall thickness. For B-type specimens, specimens from 1B to 4B were constructed with four levels of transverse reinforcement ratio ranging from 0.22% to 1.27%, respectively. Specimens 5B and 6B were constructed with similar transverse reinforcement ratios as for 1B and 4B specimens, respectively, but with larger longitudinal reinforcement ratio. For C-type specimens (1C and 3C), two levels of transverse reinforcement were set and were also similar to transverse reinforcement ratios of 1B and 4B, respectively. For each of these eight configurations, two identical specimens were built to produce sixteen specimens so that each configuration was tested under monotonic compressive load and under cyclic tension and compression reversal load. The last characters in the specimens label stand for loading type, M for monotonic and C for cyclic. D4 (SD295A) deformed reinforcing bars were used for transverse reinforcement for lightly confined specimens and D6 (SD295A) for densely confined specimens. All transverse reinforcement had 135-degree hooks. D10 (SD295A) deformed reinforcing bars were used for longitudinal reinforcement for B1-type (ρ l = 2.63%) and C-type (ρ l = 3.24%) specimens, while D16 (SD295A) deformed reinforcing bars were used for B2-type (ρ l = 7.33%). Figure 2 shows vertical reinforcement layout of 6B and 1C configurations. Longitudinal reinforcing bars were bent 180-degrees at their ends and hanged to a D25 (SD345) deformed reinforcing bars in the upper and lower stub to ensure good anchorage. D25 bars were also used as longitudinal reinforcement for lower and upper stubs with D10 transverse reinforcement. The tested elements had 600mm height (h) with fixed at both ends to the lower and upper stubs. This height represents the lower portion of the confined boundary in a wall where likely compressive failure may occur. Observations from previous experimental studies indicate that the compressive failure region is quite limited within a height of about 2.5 times the wall thickness (Markeset and Hillerborg 1995; Takahashi et al. 2013) . The elements were cast vertically in two stages, the lower stub was cast first and then the element and the upper stub as one part with intentionally roughened surface created at lower stub-element interface to insure adherence. Table 2 and Table 3 show measured material properties for reinforcing bars and concrete, respectively. A concrete mix with 13mm of maximum aggregate size and 12cm for slump test was used. Figure 3 shows test setup and loading protocol. A Universal Testing Machine with a capacity of 1500kN was used to apply vertical load on the upper stub under the condition of uniaxial tension and compression. Only vertical displacement is possible and the head of the testing machine have no freedom for rotation or lateral displacement. For monotonic tests, the compression load was applied gradually until failure. For cyclic tests axial loading history was determined based on the average strain at the lower part of previously tested RC structural walls (Taleb et al. 2014 ) and previous tests on isolated RC boundary elements (Chai and Elayer, 1999) . A ratio of tensile-to-compressive strain of 5 was used as the loading protocol. Thus, the loading cycle consisted of an initial half cycle of axial tensile strain followed by a compression half cycle with a nominal target compressive strain 1/5 of the axial tensile strain. The test was terminated when the resistance of the specimen decreased significantly and the specimen exhibited instability. Thus, two cycles of loading were applied that correspond to yielding tensile strain followed by tensile strains of 0.5%, 1%, 1.5% 2%, 3% and 4%. A load cycle is considered stable if the target compressive strain was reached in two successive cycles without excessive decrease in compressive capacity. The specimens were tested at low rate of monotonic loading, which was in the order of 1mm/min for compression and 4mm/min for tension to insure that no strain rate effects were introduced to damage process. Figure 4 shows displacement transducers positions for B-type and C-type configurations. Displacement transducers were mounted to both ends of the longer side length of the prism section which was divided into three measuring zones Z1 (Gauges and ), Z2 (Gauges and ) and Z3 (Gauges and ). These zones were set at intervals of 0~50mm for Z1 at the bottom part of the element, 50~550mm for Z2 at the middle, and 550~600mm for Z3 at the top part for B-type elements, and at intervals of 0~40mm (Z1), 40~560mm (Z2) and 560~600mm (Z3) for C-type elements. This difference in insert positions between B-type and C-type was due to transverse reinforcement position. Two displacement transducers (Gauges and ) were also installed between upper and lower stub at both sides to check any possible inclination during test. Although variation of configurations and confinement may affects the degree of localization and measured strain, measured strains are compared in an average manner. The nominal axial strain, ε nom , was defined experimentally as the strain corresponding to average displacement at both ends of the specimen over its total height h (600mm).
Loading Method and Measurement
where, N 1 , N 2 and N 3 are displacements corresponding to north side transducers 1, 3 and 5, respectively. S 1 , S 2 and S 3 are displacements corresponding to south side transducers 2, 4 and 6, respectively, and h is the specimen height (600mm). Figure 5 shows axial load versus nominal axial strain relationships for all specimens. Each plot in the figure represents response relations for both monotonic and cyclic loading. The upper and lower dashed lines indicate, respectively, the calculated loads corresponding to the yielding of longitudinal reinforcements.
Experimental Results and Discussion

Axial load-Axial Nominal Strain Relationships
and the compressive strength as sum of the concrete uniaxial compressive strength and compressive yield stress of longitudinal reinforcement.
where A c and A s are the cross-sectional area of concrete gross section and longitudinal reinforcement, respectively, and f' c and f y are the concrete compressive cylinder strength and the yield strength of longitudinal reinforcement. In C-type elements, vibration of concrete during concrete casting was conducted manually using steel rods since the use of vibrator was not possible due to the lack of space. Some small honeycombs were observed after removing the formwork. Hence, the unconfined compressive strength was not fully reached. It should be also noted that excessively large compressive strain for 6B-M and 6B-C elements was due to an inclination of the elements prior to extensive crushing. For all specimens, a stable response was observed under low levels of axial tensile strains for element tested under cyclic loading. However, increasing the tensile strain level led to different response. These differences and the comparison monotonic and cyclic loading response are summarized in the following.
It was noted that specimens with thin boundaries (C-type) were not able to fully develop the compressive strength. These configurations could not provide sufficient confinement although the transverse reinforcement ratio was high for 3C configuration. The low confinement ratio and large difference between longitudinal-to-transverse bar diameters led also to a lower compressive capacity. Comparison of load carrying capacity between monotonic and cyclic loadings showed no significant difference for all tested elements.
Failure of 1B, 5B and 1C configurations as well as 2B-C element was due to longitudinal reinforcing bar buckling. 3B, 4B and 6B configurations as well as 2B-M and 3C-M elements failed due to crushing of concrete, while global buckling failure was observed for 3C-C element. Failure mode due to buckling of reinforcement is indicated when apparent longitudinal bar buckling is observed with slight damage in only concrete surrounding longitudinal bars. Failure mode due to concrete crushing is indicated when extensive damage is observed in compressive concrete without any apparent longitudinal bars buckling.
Comparison between monotonic and cyclic response for elements with failure mode governed by buckling of longitudinal reinforcement (1B, 5B, and 1C configurations) showed that prior tensile strain affects considerably the load level at onset of bar buckling. Onset of bar buckling for elements tested under monotonic compression (1B-M, 5B-M and 1C-M) was noted around the peak point, followed by a rapid drop of the load carrying capacity and revealing that their failure was related to longitudinal bar buckling. Following bar buckling, the core concrete could not sustain the total axial load and extensive concrete crushing happened at bar buckling region. Response curves of elements that failed by buckling of longitudinal bars showed a quick decrease of axial load after the peak compressive load was reached. Figure 6 compares load-strain curve for B-type elements tested under monotonic load. A sudden drop of the capacity was observed and manifested by the rapid concrete crushing at the region of reinforcement buckling.
On the other hand, elements tested under cyclic loading (1B-C, 5B-C and 1C-C) showed onset of bar buckling at lower compressive load before cracks completely closed following unloading from peak tensile strain.
Onset of bar buckling for 1B-C element was observed at approximately -220kN that correspond to about 80% less than the load level of bar buckling under monotonic compression. Onset of bar buckling happened after unloading from the first cycle of 2% tensile strain, similarly to 5B-C element. Onset of bar buckling for 1C-C element started when unloading from the second cycle of 1.5% tensile strain and loading to the corresponding compressive strain, that is compressive strain corresponding to compressive peak load. The following cycle was marked by buckling of several longitudinal bars and capacity drop. This demonstrate vulnerability of slender elements to bar buckling. Response curves of elements which failed due to concrete crushing showed a smoother decrease of load carrying capacity compared to elements with failure mode by longitudinal bar buckling. This smooth decrease was more pronounced as the ratio of transverse reinforcement was higher.
Comparing densely and lightly confined specimens, it was shown that well confined specimens revealed capability to sustain larger tensile strain in a stable manner. However, dense transverse reinforcement detailing added little to the compressive capacity, especially for thin elements. Comparison of compressive capacity of 4B (ρ t =1.27%) to 1B (ρ t =0.22%) configurations showed an increased capacity of about 16%, while comparison between 3C (ρ t =1.29%) and 1C (ρ t = 0.22%) configurations display similar capacity even though the transverse reinforcement ratio in 3C was set more than 5 times of that in 1C. These observations suggest that it may not be even possible to provide enough confinement in thin sections by close transverse reinforcement spacing because the core concrete width is small and the pattern of concrete crushing indicates that compression strain concentrates over a short height.
Comparing the two levels of slenderness (B-type and C-type), it was shown that although they had similar confined area, the compressive load capacity of C-type elements was in the range of 25% to 40% less than the capacity of B-type elements. This was due to the thin core concrete in C-type elements where a similar confining effect to section with small aspect ratio cannot be obtained and spread of concrete crushing by confined Fig. 6 Comparison of load-strain curves for B-type elements under monotonic load. core concrete could not be ensured. Imposing a minimum wall thickness would be an alternative means to suppress failures due to global buckling (Chai and Kunnath 2005) and maintain a stable compression zone.
Damage process and failure modes
Damage process is presented for each configuration under monotonic and cyclic loading conditions. All elements tested under monotonic compression exhibited a stable behavior without apparent damages until peak load. Following peak load point, different damage evolutions and failures were observed. For cyclically tested elements, horizontal cracks appeared at top and bottom element-stub interface. They also appeared uniformly at transverse reinforcement planes when loading in tension, indicating that these cracks were initiated by the transverse reinforcement. Further tension loading led to widely opened horizontal cracks. Table 4 gives the numerical values for the observed damage states. Damage evolution and failure modes are described in the following. Figure 7 shows the final damage situation for B1-type specimens. For 1B-M element subjected to monotonic compression, first cracks appeared near corner vertical reinforcing bars at the top region followed by the spalling of surrounding concrete and buckling of multiple longitudinal bars at this region with a buckling length corresponding to one transverse reinforcement spacing. On the other hand, 1B-C element started damage under compression by spalling of surface concrete at mid-height and the start of buckling of two corner bars with one transverse reinforcement spacing for buckling length. Extensive spalling of concrete was shown in the following compressive cycle with large buckling of longitudinal bars. Buckling length of corner and intermediate supported bars corresponded to one transverse reinforcement spacing while this buckling length for unsupported intermediate bars corresponded to more than two spacing. Crushing of concrete was not so severe at the buckling region following longitudinal reinforcement buckling.
B1-type specimens
For 2B-M element, damage started with the appearance of multiple vertical cracks at mid-height that quickly led to large spalling of surface concrete followed by crushing of concrete and buckling of several corner and intermediate longitudinal bars over one transverse reinforcement spacing. 2B-C started to damage under compression by the spalling of concrete around some corner bars at the middle and then at the top regions followed by buckling of longitudinal bars at those loca- tions. At further compressive strains, extensive spalling of surface concrete between longitudinal reinforcing bars at mid-height region of the element occurred followed by buckling of many longitudinal bars over one transverse reinforcement spacing. A sudden concrete crushing at that region happened at final stage. A fracture of one longitudinal bar was observed when loading from 3% to 4% tensile strain. Failure modes of 2B configuration was different depending on loading type. 2B-M failed due to crushing of concrete, while failure of 2B-C was attributed to buckling of reinforcement that led to a sudden concrete crushing. Further large strains in tension and compression resulted in an increased number of regions were corner longitudinal bars buckled. This damage situation indicate that the pre-cracks at transverse reinforcement planes due to previous tension strains prior to compressive strain facilitates their buckling compared to element tested under monotonic compression. 3B-M started damage with the appearance of multiple vertical cracks at different locations around corner bars. Further compressive strains led to spalling of surface concrete and crushing of core concrete. For 3B-C, spalling of concrete around a pair of corner bars occurred with core concrete crushing at final stage at top region of the element. Damage evolution for 4B-M and 4B-C elements was similar to 3B-M and 3B-C elements, respectively. Figure 8 shows the final damage situation for B2-type and C-type specimens. For 5B-C, horizontal cracks opened widely and new horizontal cracks formed at mid-spacing between transverse reinforcement at further tensile strains. At final stage, buckling of multiple longitudinal reinforcing bars happened simultaneously at mid-height region over three and four spacing of transverse reinforcement after the spalling of surface concrete between longitudinal reinforcing bars. The transverse reinforcement (D4@80) was not able to contribute effectively in retaining larger longitudinal bars diameter (D16) and preventing them from buckling over large buckling length even though ratios of hoop spacing to longitudinal bar diameter, s/d b = 5, is within the limit of ACI 318-14. This suggests that anti-buckling detailing provisions should also be related to the ratio of longitudinal-to-transverse bar diameters. Buckling of unsupported intermediate bars was more pronounced compared to other bars. 5B-M reached maximum capacity without visible damage, followed by spalling of concrete and buckling of longitudinal reinforcement over two and three transverse reinforcement spacing similarly to 5B-C element. For 6B-C element, horizontal cracks appeared only at transverse reinforcement planes under tension loading and opened widely as tensile strain increased. At final
B2-type specimens
Final damage situation for B1-type specimens.
loading stage, both 6B-C and 6B-M failed by crushing of compressive concrete followed by localized buckling of the damaged region, but no buckling of longitudinal reinforcement was observed. The damaged region was located at the lower portion for 6B-M and at the top for 6B-C.
C-type specimens
Both 1C-C and 1C-M specimens failed by buckling of longitudinal reinforcement under compression. Buckling length was observed over two and three transverse reinforcement spacing for 1C-M, while it extended in 1C-C over more than four spacing of transverse reinforcement due to pre-cracks induced by tensile strain. Pre-cracking condition facilitates the buckling of longitudinal reinforcement in addition to the very thin concrete core. Similar to 5B configuration, buckling of unsupported intermediate bars was more pronounced than other bars, suggesting that restraining unsupported intermediate bars in the confined boundary region should be considered, especially for slender walls.
The final failure for 3C-M element was caused due to extensive crushing of compressive concrete at the bottom of element over a very limited height corresponding to approximately two transverse reinforcement spacing. Crushing of concrete for 3C-C was also concentrated at the bottom within limited height, similarly to 3C-M.
However, crushing of concrete in 3C-C was followed by global buckling of the element when unloading from the second cycle of 4% tensile strain indicating that global buckling was driven by prior induced large tensile strain. This phenomena demonstrates the vulnerability of confined boundaries of slender walls to tensile strain excursions prior to compressive strain. Concrete crushing was very limited in height compared to B-type specimens.
In specimens failing due to concrete crushing, concrete crushed over a height ranging approximately between 2 to 3 times element width. Fracture under tension of longitudinal reinforcing bars was not observed excluding one longitudinal bars for 2B-C at tensile strain larger than 3%. Globally, no difference of the failure modes were shown when comparing failures under monotonic and cyclic loading condition. Exception was noted for 2B and 3C configurations. 2B-M failed due to crushing of concrete, but failure of 2B-C was due to buckling of reinforcement that led to a sudden concrete crushing. Also, 3C-M failed due to extensive crushing of concrete, while 3C-C element showed a limited concrete crushing region at the base followed by out-of-plane buckling. Prior crushing assisted the global buckling over almost the total height of the element and resulted in a large out-of-plane displacement. Figure 9 shows the final buckled shape of 3C-C. A vertical line was drawn to highlight the transverse displacement of the buckled element in the figure. Wide cracks, which developed at transverse reinforcement planes as a result of a large yield excursion, did not close prior to full development of maximum compressive strength due to residual tensile strain in the previously yielded longitudinal reinforcement. This damage situation caused a critical condition affecting the lateral stability of the wall (Paulay and Priestley 1993; Chai and Elayer 1999) . However, crushing of concrete at the base of 3C-C prior to global buckling contributed in a large out-of-plane displacement when unloading from the second cycle of 4% tensile strain since the base acted as a pin joint. This reveals that both large tensile strain prior to compressive strain and prior crushing affect the global buckling failure mode for slender walls. Imposing a minimum wall thickness would be an alternative means to eliminate global buckling. Buckling may not be easily perceptible at the design level because their mechanism is difficult to quantify even with the current analysis capabilities. Tendency to buckle in RC walls depend primarily on the wall slenderness ratio and loading history or specifically the maximum tensile strain in the boundary longitudinal reinforcement. Parra and Moehle (2014) suggested that buckling instability might be related to two damage situations. One is that tensile yielding softens the boundary in one direction for subsequent loading in the opposite direction under compression, leading to global lateral instability of an intact wall. The second is that the wall crushes first, leaving an even smaller and irregular cross section, leading to instability of the reduced cross section as a secondary buckling failure. However, failure of 3C-C showed a third damage situation, where prior crushing at the bottom led to a global buckling rather than a local buckling of the crushed region.
Prediction of failure modes and damage situations 4.1 Potential of out-of-plane buckling
Based on buckling theory for prismatic sections under cyclic loading, a relation between the critical slenderness ratio for the wall boundary element and the maximum tensile strain prior to compressive load, sm ε , was proposed as Eq. (4) Elemen more susceptible to buckling failures than bars subjected to monotonic loading. A strain parameter was introduced as an indicator of the onset of bar buckling. This approach is limited to s/d b ratio equal to 8 and does not take into account buckling susceptibility over multiple transverse reinforcement spacing.
Based on quasi-static tests on RC columns subjected to lateral loads and constant or varying axial load, Kato et al. (1995) proposed a model to estimate the buckling length and the onset of inelastic buckling of corner reinforcing bars. The buckling length is given as a function of the number of transverse reinforcement spacing over where the buckling of longitudinal reinforcement is likely to happen. Transverse reinforcement index, α, was also proposed as a design rule to prevent buckling of longitudinal bars given as:
where A w and A l are the areas of transverse and longitudinal reinforcement, respectively, f wy and f y are yield stress of transverse and longitudinal reinforcement, respectively, and s/d b is the ratio of transverse reinforcement spacing to longitudinal bar diameter. Figure 11 shows relation between transverse reinforcement index and observed failure mode for cyclically tested element. Although the lower limit of 0.039 for the index of transverse reinforcement seems to be conservative, the index was able to predict the vulnerable specimens to buckling of longitudinal reinforcement as those with the lower transverse reinforcement ratios. Configuration 5B with the lowest index, showed the most drastic failure due to buckling of longitudinal bars, while buckling of longitudinal reinforcement for configuration 2B was only observed for 2B-C tested under cyclic loading. Among the tested configurations, 2B was considered as a limit between failure due to longitudinal bars buckling and failure by concrete crushing. In 5B configuration, transverse reinforcement did not effectively retain longitudinal bars and prevent them from buckling over large buckling length even though ratios of hoop spacing to longitudinal bar diameter, s/d b = 5, is within the limit of the ACI 318-14. This suggests that anti-buckling detailing provisions should also be related to the ratio of longitudinal-to-transverse bar diameters. Figure 12 shows relation between longitudinal-to-transverse reinforcement bar diameters times transverse reinforcement ratio as an index to measure the effectiveness of transverse reinforcement to prevent bar buckling. The index was also able to predict vulnerable specimens to bar buckling. A limit of 1.2 is suggested and this index is considered as complementary to previous rules for eliminating bar buckling.
with ρ t is the transverse reinforcement ratio, d b is the longitudinal reinforcing bar diameter, and d t is the transverse reinforcing bar diameter.
Analytical Prediction of Cyclic LoadStrain Relations
In order to simulate the hysteretic behavior of cyclically tested elements, an accurate and reliable prediction of experimentally observed response is proposed. The model addresses important issues such as the hysteretic behavior in both cyclic compression and tension; the progressive degradation of stiffness of the unloading and reloading curves for increasing values of strain; and the effects of confinement, tension stiffening, and gradual crack closure. The model takes into account concrete damage and hysteresis, while retaining computational efficiency. The monotonic envelope curve of the hysteretic model for concrete in compression follows the monotonic stress-strain relation of modified Kent and Park model (Scott et al. 1982) offering a good balance between simplicity and accuracy (Fig. 13a) . The hysteretic behavior of concrete in both compression and tension were modeled using hysteretic unloading and reloading rules proposed by Yassin (1994) as a set of linear stress-strain relations. The model is able to simulate stiffness degradation for both unloading and reloading. The model provides the flexibility to represent the hysteretic behavior of confined and unconfined concrete in both cyclic compression and tension (Fig. 13b) . The numerical model used for reinforcing steel was based on Menegotto-Pinto model (Menegotto and Pinto 1973) . It was extended by Filippou et al. (1983) to include isotropic strain hardening effects as shown in Fig.  14a . To include the effect of buckling of reinforcement, Dhakal and Maekawa (Dhakal and Maekawa 2002) model was implemented. Based on a calibration with experimental data, Dhakal and Maekawa model explicitly provides the compressive stress -strain response of the rebar that is linear for pre-yielding branch and follow Eq. (9) and Eq. (10) for post-yield behavior (Fig. 14b) . 
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where α is a coefficient that takes into account strain hardening which is equal to 0.75 for elastic-perfectly plastic bars, and 1.0 for bars with continues linear hardening. L/d b is the ratio of the buckling length to the longitudinal bar diameter. Buckling length of reinforcement was evaluated based on Kato et al. (1995) . Buckling length were evaluated as 3 transverse reinforcement spacing for specimens failing due to buckling (a) Envelope curve (Scott et al. 1982) (b) Hysteretic rules (Yassin, 1994) Fig. 13 Stress-strain relations for concrete.
of reinforcement, and one transverse reinforcement spacing for specimens failing due to concrete crushing of global buckling. Figure 15 shows the procedure followed to determine the compressive strength. Global buckling vulnerability is judge using Eq. (4), and reinforcement buckling is assessed based on the longitudinal-to-transverse reinforcement index and the ratio of transverse reinforcement spacing to longitudinal bar diameter, buckling model is considered to determine the compressive strength. s N max and sb N max are simulated peak load without and with buckling effect, respectively. Figures 16 and 17 shows comparison between experimental and analytical axial load -axial strain for specimens tested under cyclic and monotonic loading, respectively. Table 5 compares compressive strength point and corresponding strain.
The analytical model for cyclically tested specimens captures reasonably well the measured response with hysteretic shape of the response and stiffness degradation. The cyclic properties of the implemented analytical stress-strain relations for steel and concrete produce good correlation for global response, and was also able to predict the compressive strength reduction for specimens failing due to reinforcing bar buckling. For specimens tested under monotonic loading, although compressive strength was overestimated especially for specimens failing due to concrete crushing and global buckling, the model well simulated the post peak branch for specimens failing due to reinforcement buckling.
Conclusions
An experimental study was conducted on sixteen RC rectangular columns that idealize confined boundaries of RC rectangular walls to examine the effects of slenderness, reinforcement detailing and loading type on their performance under monotonic and cyclic reversed axial loading. The following conclusions were drawn.
Three different failure modes were observed depending on confinement and slenderness levels: crushing of compressive concrete, buckling of longitudinal reinforcement, and global buckling of element. Although load carrying capacity between monotonic and cyclic loadings showed no significant difference, loading type may lead to different final failure mode.
Dense transverse reinforcement detailing in thin confined boundaries did not improve the performance of walls. Imposing a minimum wall thickness would be an alternative means to suppress failures due to global buckling of thin walls and efficiently use the confinement. It was also shown that failure due to global buckling is affected by both large tensile strain prior to compressive strain and prior crushing of compressive concrete.
Large transverse reinforcement spacing may result in buckling of longitudinal reinforcement following even limited tensile strain excursions. Intermediate unsupported bars are more susceptible to buckling. Supporting all intermediate bars at the wall confined edge should be considered. Comparison between monotonic and cyclic response for elements with failure mode governed by buckling of longitudinal reinforcement showed that prior tensile strain reduced considerably the load level at the onset of bars buckling. Transverse reinforcement index could be used as a design method of to prevent buckling of longitudinal bar. A design index was also proposed that take into account the case of large longitudinal to transverse reinforcing bar diameters.
The proposed longitudinal-to-transverse reinforcement index along with the ratio of transverse reinforcement spacing to longitudinal bar diameter present a simple but effective anti-buckling measures of reinforcement.
An analytical model that include bar buckling was proposed to predict cyclic response of tested specimens. The analytical model captures reasonably well the measured response and was also able to predict the compressive strength reduction for specimens failing due to reinforcing bar buckling.
